A common problem faced by engineers nowadays is the restriction on structural member dimensions due to architectural and spatial concerns. Such restrictions have resulted in the use of high strength concrete in vertical members to reduce sizes, the use of central core walls and peripheral columns to increase window areas, and the use of prestressed floors to increase spans, to name a few. Serviceability problems (e.g. cracking) may, however, arise in the long term. This paper in turn addresses two major issues associated with buildings. Firstly, the differential axial shortening between core walls and columns caused by large differences in stress levels induces additional stresses and strains in horizontal structural members, which are not normally accounted for by traditional design methods. Secondly, the post-tensioning of concrete floors gives rise to additional internal forces induced by several meams such as sequential construction, and secondary "P-" effects of the high-strength slender columns. As it is almost impossible to eliminate these secondary effects completely, a series of studies have been carried out to examine their effects on the structural design of these buildings.
Introduction
The provisions of large unobstructed internal areas for flexible planning of internal space and large window areas for better views and natural lighting are invariably basic requirements for commercial buildings. It is therefore common to adopt a structural form comprising core walls and peripheral columns in combination with the use of post-tensioned floors. In this kind of structure, the core walls and columns are always associated with radically different cross-sectional areas, which induce differences in axial shortening of vertical members because of different stress levels. Under the long-term effects of creep and shrinkage of concrete, this "differential axial shortening" creates additional stresses in the floors which possibly cause cracking and other problems. This is especially a concern with the widespread use of highstrength concrete with small column sizes in tall buildings in Hong Kong. With the application of posttensioning to the floors which are restrained by columns, extra stresses are induced thus complicating the overall behaviour.
Traditionally, engineers carry out structural analysis at the design stage with consideration of the construction sequence largely omitted and left to the contractor to decide upon at a later date. Such effects may be insignificant for normal reinforced concrete buildings. However, if post-tensioning is adopted, problems of "locked-in" stresses caused by "column-pull" and the secondary "P-" effects in columns may occur. Together with the development of creep and shrinkage of concrete, and relaxation of steel prestressing tendons, they may affect the serviceability performance in the long run. These timedependent parameters develop gradually once the members are cast and prestressed. If this timedependent behaviour is not accounted for properly in the design, serious serviceability problems may be encountered afterwards. The common practice of sub-contracting the design of such buildings to prestressing specialists may also create the potential pitfall of overlooking certain serviceability problems. Numerical studies are therefore carried out to investigate the behaviour of a typical prestressed concrete building to evaluate the actual behaviour and identify potential problems. The commercial finite element package "Midas FEA" (Midas) is adopted for the analyses.
Methodology
The concrete building chosen for the study has post-tensioned floors which are supported by a core wall and peripheral columns. A simplified two-dimensional model is created for identification of various essential effects such as time-dependent behaviour, and stage construction.
Time-dependent behaviour
Midas can model the time-dependent behaviour including ageing, shrinkage and creep of concrete, but not steel relaxation. Some methods, such as the time-integration method ) and the singlestep method ), can accommodate steel relaxation but it is difficult to implement with Midas. Although Yip et al. (2010) have proposed an approximate method for considering steel relaxation, the validity of the method with stage construction yet to be verified. As a result, the effect of steel relaxation is ignored in this study.
Stage construction
Traditional structural analyses often consider all elements being built effectively at the same time but in reality they are built floor by floor. If the construction sequence is not considered, the results may not be able to reveal the actual structural performance. In Midas, stage construction is considered by setting time stages. Elements and loads are activated at different stages to model the actual construction sequence. Time-dependent parameters are activated upon the activation of the corresponding elements.
P-effect
Midas is able to handle the P-effect by analysing with geometrical nonlinearity. However, the geometrical nonlinearity utility cannot work with time-dependent and construction stage analyses at the same time. Therefore, an extra case of analysis is required but this is not included in this study.
Boundary conditions
The stress distributions at the lower storeys of a building are significantly affected by the boundary conditions at the foundation. Simplified boundary conditions are, however, assumed here. Figure 1 . In the two-dimensional model for analysis (Figure 2 ), beam elements are used to model the core and columns, while higher-order plane stress elements are used to model the post-tensioned flat slabs as required by Midas. Rigid arms are used to model the stiff section of the core. Prestressing tendons inside the slabs are modelled by reinforcement elements. As the study focuses on the global behaviour, perfect elasticity is assumed for instantaneous response. The variation of column and core sizes in stages along the height is also modelled. The time-dependent parameters including ageing, shrinkage and creep of concrete are modelled according to MC-90 (CEB, 1993) taking into account relevant parameters such as cross sectional areas, perimeters, 28-day mean compressive strengths, type of cement, relative humidity, and curing time. Some of the relevant parameters are listed in Table 1 . Construction of the building is modelled with 36 7-day floor cycles. Each cycle is further divided into 3 stages to model more realistically the casting of vertical members, horizontal members and the prestressing operation. A typical floor cycle consists of the following: (a) Day 0 -casting of core and columns; (b) Day 2 -casting of slab; (c) Day 5 -post-tensioning; and (d) Day 7 -completion of storey construction. In this study, only the dead loads, superimposed dead loads and live loads are considered. The superimposed dead loads used to account for internal finishes, partitions and building services are applied 63 days (i.e. 9 cycles) after completion of the corresponding floor. The total duration of construction is 315 days and the live loads for all floors are applied on day 365. Analyses are carried out up to 10,000 days from the start of construction to investigate the time-dependent effects.
Modelling and assumptions
In order to examine the effects associated with different methods of analysis and the effects of different parameters on the building behaviour, the following cases are considered: The differential axial shortening between core and columns, column moments and tendon stresses are important indicators of structural behaviour. The results for P-effect are not included in this paper as it requires further investigations. Figure 3 shows the differential axial shortening at various levels of the building, which is defined as the axial shortening of the columns minus that of the core at the same level. For the case of elastic analysis without considering any other effects (i.e. Case A), the difference roughly increases linearly with height to a maximum of about 10mm at the roof level. If construction sequence is considered in the elastic analysis (i.e. Case B), a different trend is observed. The differential axial shortening increases to a maximum around 80% of the building height and then decreases afterwards. The maximum in Case B is about 5mm which is only half of that in Case A. In the time-dependent analysis without considering construction sequence (i.e. Case C), the trend is roughly similar to that in Case A. The differential axial shortening in Case C generally increases with height, attaining a maximum value of 21mm at the roof level. In other words, the time-dependent behaviour has doubled the maximum differential axial shortening. However in Case D when a time-dependent analysis is carried out considering construction sequence, much smaller results of differential axial shortening are obtained, with a maximum of only 4mm at the roof level. The unusual trend of variation along the height is further investigated below.
Results and Analysis

Differential axial shortening
The contributions of shrinkage and creep to results of Cases C and D are also investigated. The values of shortening of column and core, and their differences for various cases are plotted in Figures 4 to 7. As shown in Figures 4 and 6 , the columns and core shorten due to shrinkage by similar amounts, but the core shortens slightly more if the construction sequence is considered. Figures 5 and 7 show that the columns shorten more than the core due to vertical loads and creep. The higher axial shortening of the core due to shrinkage causes negative differential axial shortening, which tends to reduce the total differential axial shortening of Case D in Figure 3 . 
Column moments
The column moments of various cases are then plotted in Figures 8 and 9 . Figure 8 shows that, when elastic analysis is carried out without considering construction sequence, the highest moment occurs within the ground floor, particularly at the base, and those in the storeys above are mainly minor fluctuations with magnitudes increasing gradually with height. When the construction sequence is considered as shown in Figure 9 , a different distribution of column moments is, however, observed. The moments in the lower storeys are increased due to post-tensioning of the floors in stages to several times of those when construction sequence is ignored. The column moments in the upper storeys then gradually reduce and approach those when the construction sequence is ignored.
Results of time-dependent analyses (i.e. Cases C and D) are plotted in Figure 9 and compared with those of elastic analyses (i.e. Cases A and B). Extremely large column moments occur in Cases C and D at the base as the fixed supports restrain against the shrinkage of floors. The distribution of column moments is sensitive to the boundary conditions at the base, and hence realistic modelling of foundation stiffness or soil-structure interaction is required to obtain accurate results.
Tendon stresses
The tendon stresses at mid-span of slab are plotted in Figures 10 and 11. Figure 10 shows that when construction sequence is considered, tendon stresses are generally higher than those when construction sequence is ignored. When construction sequence is considered, smaller shortening is induced in the upper floors causing less shortening of the floors and hence smaller losses of tendon stresses. However, the maximum difference is only 0.5% and so this is not a significant problem. Much lower tendon stresses are obtained when time-dependent effects are considered (Figure 11 ). The reduction in tendon stresses can be up to 30% compared to those from elastic analyses, which is mainly due to the creep and shrinkage of floors. The tendon stresses from the two cases of time-dependent analyses (i.e. Cases C and D) are different mainly because of the application of vertical loads, as confirmed by Figure 12 showing the results without any vertical loads. 
Conclusions
The behaviour of a typical post-tensioned concrete building is studied numerically. When the effects of time-dependent behaviour and construction sequence are considered, the results of differential axial shortening, column moments and tendon stresses exhibit certain unexpected trends. Some of the differences are minor while some others are significant. The time-dependent effects should therefore be considered as it brings about adverse effects on the structural performance in many cases. In the case of the typical building studied, differential axial shortening appears to be reduced by time-dependent behaviour and the construction sequence. It is, however, necessary to carry out further investigation in order to find out if it is generally applicable to other cases. Modelling of construction sequence is important for columns as the sequential jacking of floors increases the column moments especially at the lower part of the structure. The column moments are significantly affected by the boundary conditions at the foundation. To obtain realistic estimates of the column moments in particular, accurate modelling of the foundations or the soil-structure interaction is recommended. Tendon stresses are highly affected by time-dependent behaviour but not so much by the construction sequence. In summary, the construction sequence and time-dependent behaviour play important roles in the long-term behaviour of prestressed concrete building structures and they should be properly considered at the design stage. 
